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Bone cells and remodeling 

Bone is important to give the body support, as an attachment site for muscles, and to 

maintain mineral homeostasis. Bone also surrounds the bone marrow that contains 

hematopoietic progenitors and mesenchymal stem cells. To keep its strength, bone is 

continuously renewed; a process called bone remodeling. Bone remodeling starts with bone 

resorption, i.e. degradation of bone, which is performed by osteoclasts [1]. Remaining 

demineralized bone fragments in the resorption pit are then ingested by bone-lining cells 

[2], in what is also referred to as the reversal phase, which couples bone resorption and 

bone formation [3]. Finally, osteoblasts deposit new matrix proteins and mineralize the 

newly formed osteoid [4]. In response to mechanical loading, bone embedded osteocytes 

regulate bone remodeling by influencing osteoclast and osteoblast activities [5,6]. In this 

chapter, the role of bone cells in maintaining bone homeostasis is explained. The main focus 

will be on osteoclasts and bisphosphonates; drugs that can be used to treat diseases that 

are characterized by excessive bone resorption, such as osteoporosis and bone cancer.  

Osteoclasts 

Osteoclasts are multinucleated cells formed by fusion of mononuclear precursors from the 

monocyte/macrophage lineage. These precursors are present in bone marrow and in blood, 

and migrate towards bone when resorption is needed. Upon contact with osteoblasts, 

osteoclast precursors are activated to fuse and to become osteoclasts [7]. Osteoblasts 

express two essential cytokines that stimulate osteoclast formation: macrophage-colony 

stimulating factor (M-CSF) [8] and receptor activator of nuclear factor κB ligand (RANKL) 

[9,10]. M-CSF binds to its receptor c-Fms, which is present on the osteoclast precursors, 

thereby inducing RANK expression and priming the precursors to differentiate into an 

osteoclast [11]. RANK activation by RANKL is considered to be the main stimulus for fusion 

of osteoclast precursors.  

Osteoclast heterogeneity 

Osteoclasts from different bone sites have different characteristics, a phenomenon called 

osteoclast heterogeneity [12,13]. Osteoclast formation from different precursors was shown 

to occur at a different velocity [14,15]. In vitro, osteoclasts from long bone precursors are 

formed relatively early in time, whereas jaw osteoclasts are formed later. This can be 

explained by the finding that long-bone marrow contains more rapidly-differentiating 

myeloid blasts, whereas jaw marrow contains a relatively high number of monocytes that 

need more time to differentiate into osteoclasts [14,15]. Therefore, the study by de Souza 

Faloni et al. also shows that not only osteoclasts, but also the composition of the bone 

marrows are bone-site specific. Furthermore, the osteoclasts that were formed from these 
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bone marrows were shown to have a different morphology [16]. Moreover, the resorption 

machineries were shown to be bone-site specific. Osteoclasts derived from long bones, for 

instance, use primarily cathepsin K for the digestion of bone matrix, whereas calvarial 

osteoclasts use next to cathepsins also matrix metalloproteinases (MMPs) [17-19]. 

Bone resorption 

During bone resorption (reviewed in [20]), the osteoclast first creates a sealing zone. As this 

zone contains mainly F-actin, it is also called the ‘actin ring’. This ring also contains αvβ3 

integrin, which tightly attaches to the bone. The area encircled by the actin ring is called the 

resorption lacuna, where a ruffled border is created, where chloride is secreted by the 

chloride channel ClC-7, and where protons are secreted by the proton pump vacuolar-type 

H+-ATPase (V-ATPase). Acidification leads to demineralization of the bone. Subsequently, 

matrix proteins are degraded by proteases such as cathepsin K. Degraded proteins are 

partly ingested by osteoclasts, which secrete them at the functional secretory domain at the 

basolateral membrane. However, some proteins remnants are left behind in the resorption 

pit and cleared by bone-lining cells [2]. 

Bone-lining cells and the reversal phase 

As their name suggests, bone-lining cells are the cells lining the bone. They are 

osteoblast/fibroblast-like cells, and after attraction of osteoclast precursors, the bone-lining 

cells migrate away from each other to make space for the osteoclast precursors [21]. This 

phenomenon was also seen when periodontal ligament fibroblasts were cultured together 

with osteoclast precursors [22,23]. Osteoclasts can also transmigrate through a layer of 

osteoblasts, implying that osteoclasts can migrate underneath the bone-lining cells to the 

site of bone resorption [24]. After bone resorption, bone-lining cells clear the collagen 

fragments that have been left behind in the resorption pit [2]. Without this clearance of the 

resorption pit, new bone formation does not occur. Because this is called the reversal phase 

of bone remodeling, bone-lining cells are also called reversal cells.  

Osteoblasts and bone formation 

Osteoblasts are bone-forming cells derived from mesenchymal stem cells in the bone 

marrow. Runt-related transcription factor 2 (Runx2) was shown to be an essential 

transcription factor during osteoblast differentiation [25]. Mature osteoblasts synthesize new 

bone called osteoid by excreting proteins such as collagen type I, osteonectin, bone 

sialoprotein, and osteopontin. These and other matrix proteins might play a role in bone 

mineralization, which is also carried out by osteoblasts. Alkaline phosphatases play a role in 

this process by increasing the local phosphate concentration [26]. 
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By creating a feedback loop towards osteoclasts through M-CSF and RANKL 

expression, osteoblasts are also regulating bone homeostasis. Interestingly, they also 

express osteoprotegerin (OPG), which inhibits RANK-mediated stimulation of 

osteoclastogenesis by competitively binding to its ligand, RANKL [27]. Other cell types such 

as periodontal ligament fibroblasts and osteocytes can also stimulate osteoclastogenesis 

[28-30]. 

Osteocytes 

Osteocytes belong to the osteoblast lineage and have become deeply embedded in lacunae 

in the bone matrix. Thin cytoplasmic extensions protrude from the cell in canaliculi. This 

system forms a network which is surrounded by canalicular fluid. Through the canalicular 

network, osteocytes are connected to each other by gap junctions [31]. In response to 

mechanical loading, they regulate bone homeostasis [6,32]. As a result of loading, they 

stimulate osteoblasts to form new bone. On the other hand, when bone is unloaded, the 

osteocytes die and stimulate osteoclastogenesis, thereby inducing bone degradation [30]. 

Recently, it has become clear that osteocytes can, next to osteoblasts, also express RANKL 

and stimulate osteoclastogenesis during bone remodeling in vivo [33,34]. 

 

Bisphosphonates 

In healthy bones, bone resorption and bone formation are in balance. When this balance is 

disturbed and directed towards bone resorption, too much bone is degraded, making it 

vulnerable to fracture. Such an imbalance occurs for instance in osteoporosis and cancers 

that have metastasized to the bone. Those diseases are commonly treated with 

bisphosphonates (BPs), which induce apoptosis and inhibit osteoclast activity. Due to their 

high affinity for calcium, BPs rapidly bind to bone after administration [35]. During bone 

resorption they are released into the resorption lacuna, where they become available for 

uptake by the osteoclast. BPs therefore mainly act on osteoclasts in vivo; in vitro, they can 

also be toxic to other cells such as osteoblasts [36], and reduce viability of macrophages 

[37,38] and periodontal ligament fibroblasts [39,40]. Yet, in vivo BPs were also shown to be 

taken up by monocytes [41], and they reduced the number of osteoclast precursors in 

human peripheral blood [42,43]. Interestingly, anti-apoptotic effects on osteocytes and 

osteoblasts with low concentrations of BPs were also reported [44], and were shown to be 

mediated by connexin 43 [45]. 

Two groups of BPs are known and characterized by the presence or absence of 

nitrogen (N), each using its own mechanism to inhibit osteoclast activity. BPs such as 

clodronate, which do not contain nitrogen (non-N-BPs), are converted into a non-



 
 
 
 
 
 
 

General introduction 
 

 

13 
 
 
 
 
 
 

 

hydrolyzable form of ATP, leading to apoptosis [46,47]. Nitrogen-containing BPs act through 

a more complicated mechanism that is described below. 

Nitrogen-containing bisphosphonates 

Nitrogen-containing BPs (N-BPs) such as pamidronate, risedronate, and zoledronic acid, 

inhibit the enzyme farnesyl pyrophosphate synthase (FPPS), thereby preventing protein 

prenylation [48,49]. Prenylation is a post-translational protein modification, during which a 

lipid group is added to the protein. Prenylation is important for the homing of small GTPases 

to the cell membrane, where they play a role in cytoskeletal organization, migration, cell 

adhesion and cell survival [50]. In osteoclasts the formation of the actin ring is disturbed by 

N-BPs, leading to diminished osteoclast function.  

As well as diminishing protein prenylation, inhibition of FPPS by N-BPs leads to 

accumulation of its substrate, isopentenyl diphosphate (IPP). This is converted into 

triphosphoric acid 1-adenosin-5-yl ester 3-(3-methylbut-3-enyl) ester (ApppI) leading to 

apoptosis [51]. Thus, as well as diminishing osteoclast survival and activity by inhibiting 

small GTPase function, N-BPs can also induce apoptosis directly. 

 

Osteonecrosis of the jaw 

A rare, but serious side effect in patients receiving a high-dose BP is osteonecrosis of the 

jaw (ONJ). This means that necrotic bone has been exposed due to soft tissue damage, not 

being the result of radiotherapy (i.e. osteoradionecrosis) [52]. ONJ is most common after 

treatment with the N-BPs zoledronate and pamidronate, and can occur both in the mandible 

and in the maxilla [53]. Prevalence is highly dependent on the dose and is estimated 

between 0.1 and 10% for people that receive high doses for cancer treatment [53,54]. 

People that are treated for osteoporosis receive a relatively low dose and the incidence of 

ONJ is lower. Invasive dental treatment, e.g. a tooth extraction, seems to increase the 

chance to develop ONJ [55]. 

Several hypotheses have been proposed to explain the etiology of BP-related ONJ 

(reviewed in [54,56]). Infection, oversuppression of bone turnover, and toxicity of BPs to 

cells other than osteoclasts are the most commonly described. How these pathways may 

interact in the onset of ONJ is depicted in Figure 1, however, its exact mechanism is 

currently unknown. To mimic BP-induced ONJ, animal models were developed in which it 

was shown that BP administration resulted in necrotic jaw bone, however, either 

immunosuppressive agents were used in conjunction [57,58] or periodontitis was induced 

[59,60]. Thus, BP treatment alone was not enough to induce ONJ in these animal models 
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and its pathogenesis remains unclear. Also, it is not known why especially jaw bones are 

affected. 

 

 

Figure 1. Current hypotheses for BP-related ONJ (squares). ONJ (blue square) consists of 3 events 

shown in the squares within the blue box. Green arrows represent positive effects, red blunted arrows 

show inhibitions. The blue arrows point out a result of the inhibitions indicated in red. The dashed 

arrows with question marks are speculative, since positive effects of BPs on osteoblasts and osteocytes 

have also been shown. It is not clear how the inhibition of BPs on osteoclasts on one hand, and a 

stimulation of osteoclasts by an infection on the other, can contribute to ONJ. 
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Hypothesis and thesis outline 

We hypothesized that ONJ, the bone-site specific, negative effect of BPs, is related to the 

phenomenon of osteoclast heterogeneity. Therefore, we investigated whether BPs can have 

a different effect on long bone and jaw osteoclasts and their precursors.  

In chapter 2, we investigated the internalization of BPs by long bone and jaw 

osteoclast precursors and the effect of BPs on long bone and jaw osteoclastogenesis and 

apoptosis. These in vitro studies with mouse cells were followed up by an in vivo study that 

is described in chapter 3. We subjected female C57BL/6J mice to weekly injections of 

zoledronic acid and investigated its effect on osteoclasts and bone formation markers in the 

jaw and long bones. This study revealed that BPs were able to induce osteoclast formation 

at the molar root. To investigate whether this stimulation may be induced by periodontal 

ligament fibroblasts that were treated with BPs we used human cells (chapter 4). In order 

to study the effect of BPs on osteoclast formation, time-lapse microscopy was shown to be a 

useful tool to study the fusion of long bone osteoclast precursors and multinucleated 

osteoclasts (chapter 5). Subsequently, we extended this in chapter 6, where we studied 

multiple steps of osteoclastogenesis, i.e. proliferation, migration, and fusion, from long bone 

and jaw bone marrow cells. We also analyzed the expression of genes involved in those 

processes and investigated the effect of BPs on migration. Finally, we discuss our major 

findings in chapter 7 and propose a new hypothesis on how the effect of BPs on different 

osteoclasts may explain the pathogenesis of ONJ. 

  



 
 
 
 
 
 
 
Chapter 1 
 

16 
 
 
 
 
 
 
 

References 

1. Boyce BF, Rosenberg E, de Papp AE, Duong le T. The osteoclast, bone remodelling and 

treatment of metabolic bone disease. European journal of clinical investigation. 

2012;42(12):1332-41. 

2. Everts V, Delaisse JM, Korper W, Jansen DC, Tigchelaar-Gutter W, Saftig P, et al. The bone 

lining cell: its role in cleaning Howship's lacunae and initiating bone formation. J Bone Miner 

Res. 2002;17(1):77-90. 

3. Andersen TL, Abdelgawad ME, Kristensen HB, Hauge EM, Rolighed L, Bollerslev J, et al. 

Understanding coupling between bone resorption and formation: are reversal cells the 

missing link? Am J Pathol. 2013;183(1):235-46. 

4. Harada S, Rodan GA. Control of osteoblast function and regulation of bone mass. Nature. 

2003;423(6937):349-55. 

5. Bonewald LF, Johnson ML. Osteocytes, mechanosensing and Wnt signaling. Bone. 

2008;42(4):606-15. 

6. Klein-Nulend J, Bakker AD, Bacabac RG, Vatsa A, Weinbaum S. Mechanosensation and 

transduction in osteocytes. Bone. 2013;54(2):182-90. 

7. Udagawa N, Takahashi N, Akatsu T, Tanaka H, Sasaki T, Nishihara T, et al. Origin of 

osteoclasts: mature monocytes and macrophages are capable of differentiating into 

osteoclasts under a suitable microenvironment prepared by bone marrow-derived stromal 

cells. Proc Natl Acad Sci U S A. 1990;87(18):7260-4. 

8. Wiktor-Jedrzejczak W, Bartocci A, Ferrante AW, Jr., Ahmed-Ansari A, Sell KW, Pollard JW, et 

al. Total absence of colony-stimulating factor 1 in the macrophage-deficient osteopetrotic 

(op/op) mouse. Proc Natl Acad Sci U S A. 1990;87(12):4828-32. 

9. Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR, Burgess T, et al. Osteoprotegerin ligand 

is a cytokine that regulates osteoclast differentiation and activation. Cell. 1998;93(2):165-76. 

10. Yasuda H, Shima N, Nakagawa N, Yamaguchi K, Kinosaki M, Mochizuki S, et al. Osteoclast 

differentiation factor is a ligand for osteoprotegerin/osteoclastogenesis-inhibitory factor and is 

identical to TRANCE/RANKL. Proc Natl Acad Sci U S A. 1998;95(7):3597-602. 

11. Arai F, Miyamoto T, Ohneda O, Inada T, Sudo T, Brasel K, et al. Commitment and 

differentiation of osteoclast precursor cells by the sequential expression of c-Fms and 

receptor activator of nuclear factor kappaB (RANK) receptors. The Journal of experimental 

medicine. 1999;190(12):1741-54. 

12. Everts V, de Vries TJ, Helfrich MH. Osteoclast heterogeneity: lessons from osteopetrosis and 

inflammatory conditions. Biochim Biophys Acta. 2009;1792(8):757-65. 

13. Henriksen K, Bollerslev J, Everts V, Karsdal MA. Osteoclast activity and subtypes as a function 

of physiology and pathology--implications for future treatments of osteoporosis. Endocr Rev. 

2011;32(1):31-63. 

14. de Souza Faloni AP, Schoenmaker T, Azari A, Katchburian E, Cerri PS, de Vries TJ, et al. Jaw 

and long bone marrows have a different osteoclastogenic potential. Calcif Tissue Int. 

2011;88(1):63-74. 



 
 
 
 
 
 
 

General introduction 
 

 

17 
 
 
 
 
 
 

 

15. de Vries TJ, Schoenmaker T, Hooibrink B, Leenen PJ, Everts V. Myeloid blasts are the mouse 

bone marrow cells prone to differentiate into osteoclasts. J Leukoc Biol. 2009;85(6):919-27. 

16. Azari A, Schoenmaker T, de Souza Faloni AP, Everts V, de Vries TJ. Jaw and long bone 

marrow derived osteoclasts differ in shape and their response to bone and dentin. Biochem 

Biophys Res Commun. 2011;409(2):205-10. 

17. Everts V, Korper W, Hoeben KA, Jansen ID, Bromme D, Cleutjens KB, et al. Osteoclastic bone 

degradation and the role of different cysteine proteinases and matrix metalloproteinases: 

differences between calvaria and long bone. J Bone Miner Res. 2006;21(9):1399-408. 

18. Everts V, Korper W, Jansen DC, Steinfort J, Lammerse I, Heera S, et al. Functional 

heterogeneity of osteoclasts: matrix metalloproteinases participate in osteoclastic resorption 

of calvarial bone but not in resorption of long bone. FASEB J. 1999;13(10):1219-30. 

19. Shorey S, Heersche JN, Manolson MF. The relative contribution of cysteine proteinases and 

matrix metalloproteinases to the resorption process in osteoclasts derived from long bone and 

scapula. Bone. 2004;35(4):909-17. 

20. Teitelbaum SL. Bone resorption by osteoclasts. Science. 2000;289(5484):1504-8. 

21. Perez-Amodio S, Beertsen W, Everts V. (Pre-)osteoclasts induce retraction of osteoblasts 

before their fusion to osteoclasts. J Bone Miner Res. 2004;19(10):1722-31. 

22. Bloemen V, Schoenmaker T, de Vries TJ, Everts V. IL-1beta favors osteoclastogenesis via 

supporting human periodontal ligament fibroblasts. J Cell Biochem. 2011;112(7):1890-7. 

23. de Vries TJ, Schoenmaker T, Wattanaroonwong N, van den Hoonaard M, Nieuwenhuijse A, 

Beertsen W, et al. Gingival fibroblasts are better at inhibiting osteoclast formation than 

periodontal ligament fibroblasts. J Cell Biochem. 2006;98(2):370-82. 

24. Saltel F, Chabadel A, Zhao Y, Lafage-Proust MH, Clezardin P, Jurdic P, et al. Transmigration: a 

new property of mature multinucleated osteoclasts. J Bone Miner Res. 2006;21(12):1913-23. 

25. Ducy P, Zhang R, Geoffroy V, Ridall AL, Karsenty G. Osf2/Cbfa1: a transcriptional activator of 

osteoblast differentiation. Cell. 1997;89(5):747-54. 

26. Robey PG, Boskey AL. Extracellular matrix and biomineralization of bone. In: Favus MJ, 

editor. Primer on the metabolic bone diseases and disorders of mineral metabolism. j. b. 5th 

ed. Washington, DC: ASBMR; 2003. p. 38-46. 

27. Simonet WS, Lacey DL, Dunstan CR, Kelley M, Chang MS, Luthy R, et al. Osteoprotegerin: a 

novel secreted protein involved in the regulation of bone density. Cell. 1997;89(2):309-19. 

28. Kanzaki H, Chiba M, Shimizu Y, Mitani H. Dual regulation of osteoclast differentiation by 

periodontal ligament cells through RANKL stimulation and OPG inhibition. Journal of dental 

research. 2001;80(3):887-91. 

29. Kulkarni RN, Bakker AD, Everts V, Klein-Nulend J. Inhibition of osteoclastogenesis by 

mechanically loaded osteocytes: involvement of MEPE. Calcif Tissue Int. 2010;87(5):461-8. 

30. Tatsumi S, Ishii K, Amizuka N, Li M, Kobayashi T, Kohno K, et al. Targeted ablation of 

osteocytes induces osteoporosis with defective mechanotransduction. Cell metabolism. 

2007;5(6):464-75. 

31. Bonewald LF. The amazing osteocyte. J Bone Miner Res. 2011;26(2):229-38. 

32. Burger EH, Klein-Nulend J, van der Plas A, Nijweide PJ. Function of osteocytes in bone--their 

role in mechanotransduction. The Journal of nutrition. 1995;125(7 Suppl):2020S-3S. 



 
 
 
 
 
 
 
Chapter 1 
 

18 
 
 
 
 
 
 
 

33. Nakashima T, Hayashi M, Fukunaga T, Kurata K, Oh-Hora M, Feng JQ, et al. Evidence for 

osteocyte regulation of bone homeostasis through RANKL expression. Nature medicine. 

2011;17(10):1231-4. 

34. Xiong J, Onal M, Jilka RL, Weinstein RS, Manolagas SC, O'Brien CA. Matrix-embedded cells 

control osteoclast formation. Nature medicine. 2011;17(10):1235-41. 

35. Russell RG, Watts NB, Ebetino FH, Rogers MJ. Mechanisms of action of bisphosphonates: 

similarities and differences and their potential influence on clinical efficacy. Osteoporos Int. 

2008;19(6):733-59. 

36. Idris AI, Rojas J, Greig IR, Van't Hof RJ, Ralston SH. Aminobisphosphonates cause osteoblast 

apoptosis and inhibit bone nodule formation in vitro. Calcif Tissue Int. 2008;82(3):191-201. 

37. Coxon FP, Thompson K, Roelofs AJ, Ebetino FH, Rogers MJ. Visualizing mineral binding and 

uptake of bisphosphonate by osteoclasts and non-resorbing cells. Bone. 2008;42(5):848-60. 

38. Moreau MF, Guillet C, Massin P, Chevalier S, Gascan H, Basle MF, et al. Comparative effects 

of five bisphosphonates on apoptosis of macrophage cells in vitro. Biochemical pharmacology. 

2007;73(5):718-23. 

39. Agis H, Blei J, Watzek G, Gruber R. Is zoledronate toxic to human periodontal fibroblasts? 

Journal of dental research. 2010;89(1):40-5. 

40. Correia Vde F, Caldeira CL, Marques MM. Cytotoxicity evaluation of sodium alendronate on 

cultured human periodontal ligament fibroblasts. Dental traumatology : official publication of 

International Association for Dental Traumatology. 2006;22(6):312-7. 

41. Roelofs AJ, Coxon FP, Ebetino FH, Lundy MW, Henneman ZJ, Nancollas GH, et al. Fluorescent 

risedronate analogues reveal bisphosphonate uptake by bone marrow monocytes and 

localization around osteocytes in vivo. J Bone Miner Res. 2010;25(3):606-16. 

42. D'Amelio P, Grimaldi A, Di Bella S, Tamone C, Brianza SZ, Ravazzoli MG, et al. Risedronate 

reduces osteoclast precursors and cytokine production in postmenopausal osteoporotic 

women. J Bone Miner Res. 2008;23(3):373-9. 

43. D'Amelio P, Grimaldi A, Cristofaro MA, Ravazzoli M, Molinatti PA, Pescarmona GP, et al. 

Alendronate reduces osteoclast precursors in osteoporosis. Osteoporos Int. 

2010;21(10):1741-50. 

44. Plotkin LI, Weinstein RS, Parfitt AM, Roberson PK, Manolagas SC, Bellido T. Prevention of 

osteocyte and osteoblast apoptosis by bisphosphonates and calcitonin. The Journal of clinical 

investigation. 1999;104(10):1363-74. 

45. Plotkin LI, Lezcano V, Thostenson J, Weinstein RS, Manolagas SC, Bellido T. Connexin 43 is 

required for the anti-apoptotic effect of bisphosphonates on osteocytes and osteoblasts in 

vivo. J Bone Miner Res. 2008;23(11):1712-21. 

46. Frith JC, Monkkonen J, Auriola S, Monkkonen H, Rogers MJ. The molecular mechanism of 

action of the antiresorptive and antiinflammatory drug clodronate: evidence for the formation 

in vivo of a metabolite that inhibits bone resorption and causes osteoclast and macrophage 

apoptosis. Arthritis Rheum. 2001;44(9):2201-10. 

47. Frith JC, Monkkonen J, Blackburn GM, Russell RG, Rogers MJ. Clodronate and liposome-

encapsulated clodronate are metabolized to a toxic ATP analog, adenosine 5'-(beta, gamma-



 
 
 
 
 
 
 

General introduction 
 

 

19 
 
 
 
 
 
 

 

dichloromethylene) triphosphate, by mammalian cells in vitro. J Bone Miner Res. 

1997;12(9):1358-67. 

48. Luckman SP, Hughes DE, Coxon FP, Graham R, Russell G, Rogers MJ. Nitrogen-containing 

bisphosphonates inhibit the mevalonate pathway and prevent post-translational prenylation of 

GTP-binding proteins, including Ras. J Bone Miner Res. 1998;13(4):581-9. 

49. van Beek E, Pieterman E, Cohen L, Lowik C, Papapoulos S. Farnesyl pyrophosphate synthase 

is the molecular target of nitrogen-containing bisphosphonates. Biochem Biophys Res 

Commun. 1999;264(1):108-11. 

50. Itzstein C, Coxon FP, Rogers MJ. The regulation of osteoclast function and bone resorption by 

small GTPases. Small GTPases. 2011;2(3):117-30. 

51. Monkkonen H, Auriola S, Lehenkari P, Kellinsalmi M, Hassinen IE, Vepsalainen J, et al. A new 

endogenous ATP analog (ApppI) inhibits the mitochondrial adenine nucleotide translocase 

(ANT) and is responsible for the apoptosis induced by nitrogen-containing bisphosphonates. 

Br J Pharmacol. 2006;147(4):437-45. 

52. Khosla S, Burr D, Cauley J, Dempster DW, Ebeling PR, Felsenberg D, et al. Bisphosphonate-

associated osteonecrosis of the jaw: report of a task force of the American Society for Bone 

and Mineral Research. J Bone Miner Res. 2007;22(10):1479-91. 

53. Abu-Id MH, Warnke PH, Gottschalk J, Springer I, Wiltfang J, Acil Y, et al. "Bis-phossy jaws" - 

high and low risk factors for bisphosphonate-induced osteonecrosis of the jaw. J 

Craniomaxillofac Surg. 2008;36(2):95-103. 

54. Reid IR. Osteonecrosis of the jaw: who gets it, and why? Bone. 2009;44(1):4-10. 

55. Filleul O, Crompot E, Saussez S. Bisphosphonate-induced osteonecrosis of the jaw: a review 

of 2,400 patient cases. Journal of cancer research and clinical oncology. 2010;136(8):1117-

24. 

56. Otto S, Hafner S, Mast G, Tischer T, Volkmer E, Schieker M, et al. Bisphosphonate-related 

osteonecrosis of the jaw: is pH the missing part in the pathogenesis puzzle? J Oral Maxillofac 

Surg. 2010;68(5):1158-61. 

57. Bi Y, Gao Y, Ehirchiou D, Cao C, Kikuiri T, Le A, et al. Bisphosphonates cause osteonecrosis of 

the jaw-like disease in mice. Am J Pathol. 2010;177(1):280-90. 

58. Kikuiri T, Kim I, Yamaza T, Akiyama K, Zhang Q, Li Y, et al. Cell-based immunotherapy with 

mesenchymal stem cells cures bisphosphonate-related osteonecrosis of the jaw-like disease in 

mice. J Bone Miner Res. 2010;25(7):1668-79. 

59. Aghaloo TL, Kang B, Sung EC, Shoff M, Ronconi M, Gotcher JE, et al. Periodontal disease and 

bisphosphonates induce osteonecrosis of the jaws in the rat. J Bone Miner Res. 

2011;26(8):1871-82. 

60. Aguirre JI, Akhter MP, Kimmel DB, Pingel JE, Williams A, Jorgensen M, et al. Oncologic doses 

of zoledronic acid induce osteonecrosis of the jaw-like lesions in rice rats (Oryzomys palustris) 

with periodontitis. J Bone Miner Res. 2012;27(10):2130-43. 



 

 

 


